Ordinary ferroelectrics exhibit a second order phase transition that is characterized by a sharp peak in the dielectric permittivity at a frequency-independent temperature. Furthermore, these materials show a low temperature dielectric relaxation that appears to be a common behavior of perovskite systems. Tetragonal lead zirconate titanate is used here as a model system in order to explore the origin of such an anomaly, since there is no consensus about the physical phenomenon involved in it. Crystallographic and domain structure studies are performed from temperature dependent synchrotron X-ray diffraction measurement. Results indicate that the dielectric relaxation cannot be associated with crystallographic or domain configuration changes. The relaxation process is then parameterized by using the Vogel-Fulcher-Tammann phenomenological equation. Results allows us to hypothesize that the observed phenomenon is due to changes in the dynamic behavior of the ferroelectric domains related to the fluctuation of the local polarization.
The macroscopic dielectric response of ferroelectric materials is closely linked to the crystallographic structure, to the ferroelectric/ferroelastic domain structure and to the dynamic behaviors of that domain structure [1] . One of the most attractive aspects of dielectric studies is that the temperature-dependent dielectric response is also sensitive to changes in the crystal structure as well as in the domain structure and/or their dynamic behavior [2] . For instance, phase transitions appear as a maximum in the real and/or imaginary permittivity versus temperature curve. In particular, the paraelectric to ferroelectric phase transition manifests as a sharp peak at a frequency-independent temperature in ordinary ferroelectrics while a wide peak at a temperature that is frequency-dependent is observed in the so-called relaxor ferroelectrics [3] .
A widely studied dielectric anomaly appears at low temperatures in ordinary perovskite ferroelectrics [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In the PbZr1-xTixO3 (PZT) system, for instance, it appears independently of the crystallographic phase as a flat region in the real part of the permittivity (ε'), and as a dispersion of the maximum in the imaginary part of the permittivity (ε'') [5] . When the PZT system is acceptor doped, the frequency-dependent maximum of ε'' becomes more visible [5] . However, the anomalous behavior of the permittivity seem to vanish when the material is donor doped [4] [5] [6] . A similar anomalous temperature-dependent permittivity has been reported in NaNbO3 [10] , (K,Na)NbO3 [11] , (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 [12] , and (1-x)Pb(Zn1/3Nb2/3)O3-xPbTiO3 [13] , which are not related to any change in crystallographic symmetry. More recently, low temperature dielectric relaxations have been reported in BaTiO3-BiScO3 [15] and PbTiO3-BiScO3 [16] systems, which were parameterized by using the Vogel-Fulcher-Tammann formalism. Guo et al. [15] referred to this phenomenon as reentrant type relaxor behavior, since a peculiar domain structure characterized by piezoresponse force microscopy studies showed no phase contrast. Algueró el at. [16] This is the post-print (i.e. final draft post-refereeing) of the publication. The final publication is available at IOPSience via http://dx.doi.org/10.1088/1361-6463/aa6b9e 3 associated the anomaly with a low temperature phase transition that is governed by an order parameter coupled to polarization in Bi-containing perovskites.
Although the low temperature dielectric relaxation displayed in ordinary ferroelectrics has been reported for a wide number of systems [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , the involved mechanisms are not well understood. The universality of this phenomenon seems to be indisputable, but numerous explanations, often meaningful only for the study system, have been given about the origin of this anomalous behavior. In this work, the crystallographic and domain structure of an ordinary ferroelectric are studied in order to gain insight into the origin of this very exciting phenomenon. The work focuses attention on the PZT system, since this is a classical perovskite ferroelectric that has a well-established phase diagram and its dielectric properties have been widely studied. The composition Pb(Zr0.4Ti0.6)O3 is selected because it is far enough from the morphotropic phase boundary (MPB) of PZT system, thereby avoiding low temperature phenomena associated to phase transitions in this region [17] . Pb(Zr0.4Ti0.6)O3 is a tetragonal perovskite material for which only a cubic-to-tetragonal (on cooling) phase transition near to 690 K has been reported [18] .
It is well-known that the properties of the PZT system can be easily tuned by compositional engineering. For instance, the substitution of Zr defects, while donor dopants generate lead vacancies and reduce oxygen vacancies [19] . In [4] . However, this explanation is only valid for materials containing dipolar defects, so no anomalous behavior could be expected in PNZT since no dipolar defects are present. The emergence of a dielectric anomaly in PNZT ( figure 1(b) ) casts doubt on the direct relation
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5 between the dielectric anomaly and dipolar defects. It is important to point out that no low temperature anomalous dielectric behavior has been reported so far in donor-doped PZT. Some differences between PNZT and PFZT anomalies are easily detectable. For instance, a clear ''(T) peak is shown for PFZT, whereas this peak is evident only at high frequencies for PNZT. In addition, the amplitude of the peak increases with increasing frequency for PFZT but decreases for PNZT. These differences have their origin in how the thermally activated phenomena (i.e. extrinsic effects that are mainly due to domain wall motion in the PZT system) determine the dielectric response in these materials. A monotonous increment of complex permittivity (from an intrinsically low temperature dielectric constant to the vicinity of phase transition) is expected as a result of the extrinsic effect. Since the motion of domain This is the post-print (i.e. final draft post-refereeing) walls is a dynamic phenomenon (i.e. frequency-dependent), the extrinsic contribution drops as the frequency increases. Thus, dielectric constant decreases as the frequency increases for a given temperature. This effect is greater as the temperature rises (in fact, the very low temperature permittivity -intrinsic permittivity-is frequency-independent). Any other phenomenon is overlapping to that; i.e., a monotonous frequency-dependent increment of complex permittivity appears as a background in the dielectric spectra. Therefore, the observed dielectric relaxation (in both PNZT and PFZT) is actually influenced by this background. However, this has special significance for PNZT, because the dielectric relaxation emerges at a range of temperature higher than room temperature. It is for that reason that the dielectric relaxation in PNZT is then affected by a large background (large extrinsic effect), which shows a decreasing behavior with frequency. Consequently, the amplitude of the dielectric loss peak decreases in this material, although the dielectric relaxation phenomenon is purely dynamical. High-energy, high-resolution temperature-dependent X-ray diffraction measurements were perform in order to analyze a possible crystallographic origin of the anomaly. The diffraction data were measured at beamline 11-BM of the Advanced Photon Source at Argonne National
Laboratory. An X-ray wavelength of 0.4138 Å (30 keV) was used. Diffracted X-rays were measured using an array of twelve detectors with Si (111) analyzer crystals. Samples were cooled and heated using an Oxford Cryostream (100 -435 K) or a Cyberstar hot air blower (450 -705 K), respectively. Some details about the structural characterization of the samples are given in the supplementary data. Figure 2 shows the typical evolution from cubic to tetragonal structure with decreasing temperature in PNZT ( figure 2(a) ) and PFZT ( figure 2(b) ). The 200 cubic reflection splits at the Curie temperature, unveiling the structural phase transition. No structural changes below Curie temperature are detected. This suggests that both materials remain in the tetragonal
phase, revealing a non-crystallographic origin of the anomaly. The volume of the material affected by domain wall strains, which is related to domain wall density, is then estimated from the diffuse intensities between the 002 and 200 diffraction peaks [20, 21] . Figure 3 shows the percentage of the diffuse scattering (volume fraction of the material) due to domain walls for PNZT and PFZT. As may be observed, neither the values for PNZT nor the values for PFZT show any relevant changes over the whole range of temperatures, with the exception, as expected, near the ferroelectric-paraelectric phase transition temperature, where the diffuse scattering due to domain walls drops to zero. Therefore, it is possible to assume that no change in the domain configuration for temperatures below the phase transition exists, and, in particular, in the region where the dielectric relaxation emerges. The diffuse scattering difference between PNZT and PFZT may be related to the microstructure and how the microstructure defines the domain configuration in both compositions. Taking into account that the diffuse scattering due to domain walls ( ) is proportional to domain wall density ( ), the ratio between domain wall densities can be estimated, such that:
Assuming that the width ( ) of the ferroelectric domains in microstructured perovskite ferroelectrics can be considered proportional to the square root of the grain diameter ( √ ) [22] , but inversely proportional to domain wall density ( ) [23] , the ratio between domain wall densities can also be estimated as:
the grain diameter being considered as the median grain size for both materials; i.e. X-ray diffraction data analysis demonstrates that the observed dielectric anomaly in PNZT and PFZT are not associated with crystallographic or domain configuration changes.
Consequently, it is reasonable to hypothesize that the observed phenomenon is due to changes in the dynamic behavior of the ferroelectric domains related to the fluctuation of an order parameter (e.g., the local polarization). Other phenomena that manifest as dielectric relaxation, such as grain boundary and contact (electrode) effects [24, 25] , may emerge at a range of frequencies far from that used in this work. Also, phenomena such as interface effects and charge-carrier mobility, which are relevant for determining functional properties of heterogeneous ferroelectric systems (i.e., graded/multilayer ferroelectrics or ferroelectric superlattices), are not taking into account [26] [27] [28] .
The frequency dependence of the maximum in ε'' is parameterized by using the VogelFulcher-Tammann (VFT) phenomenological equation (see supplementary data), which is probably the most commonly used equation for fitting dielectric relaxation in ferroelectrics. Figure 4 shows the VFT fit for the relaxation data, such that the slope is related to the activation energy of the dynamic process involved. The activation energies are 20 meV and 3 meV for PFZT and PNZT, respectively. In order to determine the process associated to these activation energies, the dipolar energy corresponding to the different possible positions of the defect in the unit cell is estimated. This is done by assuming a simple model based on an ideal dipole placed in a ferroelectric defect-free matrix [29] . The energy levels associated to the possible positions of the oxygen vacancy are three for PFZT, as may be seen in figure where c is the lattice parameter and e the electron charge, resulting in pi = 4.810 29 C m.
The internal electric field can be estimated from [29] :
where 250 is the intrinsic dielectric constant, which is obtained from the extrapolation of the ' versus temperature curve for T = 0 K. This value is frequency-independent and does not depend on doping. PS is the spontaneous polarization of the ferroelectric matrix (i.e., a dipolar defect-free material). PNZT, which has a PS = 30 µC/cm 2 in the anomaly temperature range [30] , is taken here as a ferroelectric matrix because of its dipolar defect-free nature. This value of PS leads to an internal field Ei = 6.810 
meV
The result matches the experimentally obtained activation energy for PFZT, leading to the conclusion that the thermally activated process involved may be related to polarization fluctuations due to jumps in the oxygen vacancy between the fourfold position and one of the other two of the unit cell.
In the case of PNZT, Chandrasekaran et al. [31] concluded that the associated defect between the niobium substitutional ion and lead vacancy ( technique.
